Abstract The aim of this study was to investigate the protective effects of ethanol (EAP) and acidic ethanol extracts (AEAP) of astringent persimmon fruits (Diospyros kaki) against hydrogen peroxide (H 2 O 2 )-induced oxidative stress in Caco-2 epithelial cells. Levels of reactive oxygen species (ROS) and reduced glutathione (GSH), activities of superoxide dismutase (SOD) and catalase (CAT), as well as protein and DNA damage were measured. Treatment with H 2 O 2 induced oxidative stress in Caco-2 cells but had no effect on SOD activity. Both EAP and AEAP protected the cells against oxidative damage and exhibited similar effects on cellular ROS scavenging activity and protein carbonyl levels. However, AEAP was more potent than EAP in normalizing CAT activity and cytosolic GSH level, and in protecting against DNA damage. These results demonstrated that astringent persimmon fruit extracts were biologically active, and that the tannin-rich fraction (AEAP) possesses stronger protective activity against H 2 O 2 -induced oxidative stress in Caco-2 cells.
Introduction
The intestinal epithelium, which is the interface between an organism and its luminal environment, is prone to oxidative stress [1] . Among various oxidants, the hydrophobic bile acid, deoxycholic acid, has been reported to induce disturbances in cell membranes, consequently, increasing oxidative stress [2] . Because tannins and polyphenols contained in fruits show very limited absorption rates [3] , they can be expected to persist in the gut and act as good physiological antioxidants.
Persimmon (Diospyros kaki) is one of the most popular fruits consumed in Korea and is known to contain sugars, vitamin C, carotenoids, and anthocyanins as its major constituents [4] [5] [6] [7] . Among the various bioactive compounds found in astringent persimmon, tannins in particular show excellent capacity to bind to bile salts in the gut [8] , and have been reported to exhibit potent antioxidant effects [9] . Tannins contained in persimmons are present as highly condensed forms and comprise flavan-3-ols, such as catechin, catechin-3-O-gallate, gallocatechin, and gallocatechin-3-O-gallate [10] . These highly condensed persimmon tannins barely dissolve in water and organic solvents [11] , but can be partially solubilized in 1% hydrochloric acid (HCl) in methanol [12] [13] [14] . Thus, in order to extract both soluble and insoluble tannins from astringent persimmon, acidic methanol has been utilized as an extraction agent; however, methanol is not an appropriate solvent for use with food ingredients as it is toxic to humans [15] . In our previous study, ethanol was used as a substitute for methanol in the extraction of tannins from astringent persimmon, and the acidic ethanol extract of astringent persimmon was confirmed to contain higher levels of tannins with a high capacity to bind bile salts than that of ethanol extract [16] . In that study, acidic ethanol extract of astringent persimmon significantly inhibited nitrite production in Caco-2 cells stimulated with deoxycholic acid and prevented significant reduction of transepithelial electrical resistance, suggesting that the acidic ethanol extract of astringent persimmon could act as an antioxidant in the gut. Astringent persimmon may contain other polyphenolic compounds or soluble tannins having a high antioxidant capacity in addition to insoluble tannins [13, 17] . Therefore, in the present study, a tannin-rich fraction and a non-specific polyphenol fraction were extracted using acidic ethanol and ethanol, respectively; both are suitable for food manufacturing. Levels of reactive oxygen species (ROS) and glutathione (GSH), activities of antioxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT), as well as protein and DNA damage were measured in Caco-2 cells under hydrogen peroxide (H 2 O 2 )-induced oxidative stress. The antioxidant activities of the acidic ethanol and ethanol fractions were compared using this model of human colonic epithelial cell oxidative stress.
Materials and methods

Reagents
Hydrogen peroxide was obtained from Daejung (Goryeong-gun, Korea). Thiazolyl blue tetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), and 2,7-dichlorofluorescin diacetate (DCF-DA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were procured from Biowest (Nuaillé, Cholet, France). Penicillin-streptomycin and non-essential amino acids (NEAA) were obtained from Gibco (Rockville, MD, USA).
Preparation of astringent persimmon extracts
Astringent persimmon powder was provided by the Korean Rural Development Administration (Jeonju, Jeonranamdo, Korea). Briefly, 2 g of spray-dried astringent persimmon (Cheongdobanshi) powder was added to 20 mL of solvent (either 70% ethanol or 70% ethanol with 1% HCl) and the mixture was shaken for 24 h. After the impurities were removed, each extract was concentrated and solvent was removed by vacuum evaporation (EYELA, Tokyo, Japan) at 60°C in a water bath for 30 min. For the acidic ethanol extract, after evaporation, the residues were washed with distilled water to remove water-soluble constituents. Finally, each extract (ethanol extract, EAP; acidic ethanol extract, AEAP) was freeze-dried at -83°C and 5-8 mTorr vacuum for 36 h (Ilshinbiobase, Kyunggido, Korea). From 2 g dried astringent persimmon fruit powder, the yield of EAP and AEAP was 1.13 and 1.51 g, respectively.
Caco-2 cell culture
The Caco-2 cell line was obtained from the Korean Cell Line Bank (Seoul, Korea). For routine maintenance, cells were grown in DMEM supplemented with 10% FBS, penicillin-streptomycin, and NEAA at 37°C in an atmosphere of 5% CO 2 /95% air and saturating humidity. The cells were passaged once a week (1:3 split ratio) with 0.25% trypsin-ethylenediaminetetraacetic acid (EDTA) in Hanks' balanced salt solution (Biowest). For the experiments, Caco-2 cells (1 9 10 5 cells/mL) were seeded into a 6-well plate and cultivated for 5 days. The cells were then incubated with the sample (EAP or AEAP) in FBS-free media for 24 h at various concentrations (0 and 500 lg/mL for ROS detection; 0, 62.5, 250, and 500 lg/mL for other experiments). Control cells were treated with vehicle (DMSO). Then, cells were treated with H 2 O 2 (50 lM) for 3 h. For analysis, culture supernatant and cell pellets were collected and frozen at -80°C. The supernatant was used for quantification of ROS level, while the cell pellets were used for the other analyses.
MTT assay
The viability of Caco-2 cells was determined using an MTT assay. Briefly, the cells (1 9 10 5 cells/mL) were seeded into a 96-well plate and cultivated for 6 days at 37°C in humidified air containing 5% CO 2 . Cells were treated with EAP or AEAP (500 lg/mL) for 24 h. Then, the MTT reagent (20 lL, 0.5 mg/mL) was added and cells were incubated for 3 h. The yellow MTT was reduced to purple formazan by viable cells. The formazan crystals were dissolved with 100 lL DMSO, and absorbance was measured at 560 nm using a microplate reader (Biotek, Winooski, VT, USA). The administered concentration of the extracts was not cytotoxic to Caco-2 cells (data not shown).
Measurement of intracellular oxidative stress
Oxidative stress was quantified in cells using 2,7-dichlorofluorescein (DCF) assay, as described previously with slight modifications [8] . After treatment of samples for 24 h with FBS-free medium, cells were washed with Dulbecco's phosphate-buffered saline (DPBS), and then incubated with 1 mM DCF-DA. Cells were treated with H 2 O 2 (50 lM) for 3 h and washed with DPBS. The fluorescence signal (k excitation = 480 nm, k emission = 530 nm) was measured in the dark using a fluorescence spectrophotometer (PerkinElmer, Waltham, MA, USA) and also observed with a fluorescence microscope (Motic, British Columbia, Canada). Results were expressed as relative fluorescence levels compared to the control (% of control).
Activities of SOD and CAT
Catalase activity was measured according to a previously reported method with slight modifications [18, 19] . Cells were lysed using 10 mM Tris, 1 mM EDTA (pH 7.4). Formaldehyde (standard) and the lysate (sample) were then added to a mixture of phosphate buffer, methanol, and H 2 O 2 . After vortexing, potassium hydroxide and Purpald Ò were mixed with the solution for 10 min at 20°C. After the addition of potassium periodate, the solution was analyzed with a microplate reader (Biotek). Levels of SOD were measured using an assay kit according to manufacturer's instruction (Biovision, Milpitas, CA, USA).
Total GSH level
For analysis of total cellular GSH content, cells were lysed with 5% sulfosalicylic acid. After centrifugation, total GSH content in the lysate was measured. The supernatant and a standard GSH solution were mixed with a working solution made of 100 mM potassium phosphate buffer, pH 7.0, containing 1 mM EDTA, glutathione reductase, and 1.5 mg/mL dithionitrobenzoic acid. Then, NADPH (0.16 mg/mL) was added, and the absorbance was measured at 412 nm for 5 min.
Protein carbonyl levels
The level of protein damage was measured using the OxiSelect TM protein carbonyl ELISA kit (Cell Biolabs Inc, San Diego, CA, USA) according to the manufacturer's protocol. Protein damage was assessed by measuring the absorbance of the sample at 450 nm using ELISA.
Comet assay
After treatment with the samples and H 2 O 2 , Caco-2 cells were collected in cold PBS. The cell suspension and 1% low gelling temperature agarose were mixed and rapidly spread onto a slide to avoid producing bubbles. After the agarose had gelled, slides were submerged in a dish containing lysis solution for 1 h at 4°C. After lysis, the slides were washed with distilled water three times and submerged in an alkaline solution for 20 min. Then, slides were placed in the electrophoresis solution; electrophoresis was performed for 30 min at a voltage of 31 V (Bio-Rad, Hercules, CA, USA). The slides were then washed twice with distilled water and once with 70% ethanol, before drying at room temperature overnight. For determination of comet formation, the DNA was stained with 50 lL of ethidium bromide. Slides were scored blindly; for each experiment, two slides were prepared and 50 cells were analyzed in each slide with a computer-aided image analysis system (Comet Assay IV; Perceptive Instruments Ltd, Haverhill, UK).
Statistical analysis
Results are expressed as the mean ± standard deviation (SD). Comparisons between groups were performed using one-way analysis of variance (ANOVA), followed by Dunnett's multiple range test. A value of P \ 0.05 was considered statistically significant versus the H 2 O 2 -treated group.
Results and discussion
Effect of EAP and AEAP on cell viability and ROS level in Caco-2 cells stimulated with H 2 O 2
The cytotoxicity of EAP and AEAP on Caco-2 cells was first assessed to determine the appropriate treatment concentration for subsequent experiments. In this test, treatment with EAP and AEAP up to 1000 lg/mL exhibited no cytotoxicity (data not shown), despite AEAP being highly acidic (*pH 2.5). Therefore, subsequent analyses of antioxidant effects were performed at 500 lg/mL for both extracts. When considering the extraction yield and volume of human intestine (approximately 105 mL), the treated concentrations (500 lg/mL) for EAP and AEAP were equivalent to 93.20 and 69.46 mg, respectively [20] . Considering that the spray-drying yield for astringent persimmon fruit was 16.13%, the treated concentrations were equivalent to 577.81 and 430.63 mg of persimmon fruit, respectively. Therefore, considering that persimmon tannins are rarely absorbed, the treated concentrations were within normal levels in the gut environment, and likely lower than the levels expected from whole fruit.
Intracellular oxidant formation was determined by measuring ROS levels in H 2 O 2 -treated Caco-2 cells using the DCF-DA staining method. Caco-2 cells were incubated with 500 lg/mL EAP or AEAP for 24 h, and then exposed to 50 lM H 2 O 2 for 3 h. Intracellular ROS level in Caco-2 cells treated with H 2 O 2 increased significantly up to three times that of control cells (Fig. 1A) . Both EAP and AEAP at 500 lg/mL significantly suppressed intracellular oxidative stress induced by H 2 O 2 (P \ 0.05, vs. H 2 O 2 -treated group). When comparing EAP and AEAP, the inhibitory activity of AEAP was greater than that of EAP at the same treatment concentration. At the lowest concentration (62.5 lg/mL), EAP did not show a suppressive effect, but AEAP significantly inhibited ROS production. The level of intracellular oxidative stress was also visualized using fluorescence cell imaging (Fig. 1B) . Astringent persimmon is rich in condensed tannins, which have high antioxidant capacity [21] , and contains various polyphenols such as anthocyanins [22] . In this experiment, AEAP, which was the tannin-rich fraction, as well as EAP showed similar ROS scavenging activity. Our result suggests that both AEAP and EAP are effective in scavenging free radicals and enhancing the cellular antioxidant defense system.
Effect of EAP and AEAP on antioxidant enzyme activities as well as GSH and protein carbonyl levels in Caco-2 cells stimulated with H 2 O 2 Cellular antioxidant capacity is determined by both ROSscavenging ability and endogenous cellular macromolecules, which decompose ROS [23] . Endogenous cellular defense systems are composed of GSH and antioxidant enzymes such as SOD, CAT, and glutathione peroxidase (GPx) [24] . Both SOD and GPx catalyze the conversion of superoxide anion (O 2 -) to molecular oxygen (O 2 ) and hydrogen peroxide (H 2 O 2 ). Then, H 2 O 2 is converted to water and oxygen by CAT [25] . Additionally, GPx converts reduced GSH to glutathione disulfide (GSSG), which can be recycled back to GSH via the activity of NADPH-dependent glutathione reductase [25] .
Accordingly, SOD and CAT activities and GSH levels in Caco-2 cells challenged with H 2 O 2 were measured in order to investigate the effect of EAP and AEAP on the antioxidant capacity of these cells. Prior to H 2 O 2 challenge, Caco-2 cells were incubated with EAP or AEAP for 24 h. The activity of SOD was not affected by H 2 O 2 treatment ( Fig. 2A ). On the contrary, H 2 O 2 challenge significantly increased CAT activity by approximately 1.3-fold, while EAP and AEAP treatments reduced CAT activity even at low doses (62.5, 250, and 500 lg/mL; Fig. 2B ). The effect of AEAP in lowering CAT activity was superior to that of EAP. The response of antioxidant enzyme activities to H 2 O 2 has been shown to differ. At different H 2 O 2 concentrations, catalase activity remained elevated; however, SOD activity varied in Caco-2 cells. SOD activity peaked with 50-100 lM H 2 O 2 and decreased above 100 lM H 2 O 2 with 30 min of treatment [26] . In the present study, H 2 O 2 treatment was 50 lM for 3 h. Therefore, the response of SOD to H 2 O 2 might vary in Caco-2 cells according to time and concentration of treatment.
Cytosolic GSH levels in Caco-2 cells decreased significantly by approximately 40% after H 2 O 2 treatment, while EAP and AEAP increased the GSH level (Fig. 2C) . Interestingly, the GSH level after AEAP treatment at the highest dose (500 lg/mL) was higher than that of the control group. These results show that the tannin-rich AEAP fraction possessed higher cellular antioxidant capacity than EAP. Elevated levels of GSH could indicate that EAP and AEAP can stimulate transcription of antioxidant response element (ARE)-related genes, including heme oxygenase 1, GSH S-transferase, c-glutamylcysteine synthetase, and NAD(P)H:quinone oxidoreductase [27] . However, in this study, we only measured antioxidant activities, not mRNA or protein expression levels, which is a study limitation. In this present work, we aimed to find differences in antioxidant activities, started with housekeeping proteins that were more refractory to changes, and found differences that explained the cell physiology observation. Therefore, whether EAP and AEAP affect the expression of ARErelated genes and the mechanisms involved should be investigated further. Oxidative stress induced by ROS can cause damage to lipids, proteins, and DNA. However, consumption of dietary antioxidants may ameliorate such damage [28] . The most commonly used marker for assessing protein oxidation resulting from ROS attack is the formation of proteinbound carbonyls [29] . Protein carbonyls are formed early during oxidative stress conditions and are not a result of one specific oxidant; thus, they are markers of overall protein oxidation [29] . In the present study, H 2 O 2 challenge of Caco-2 cells significantly increased protein carbonyl levels by approximately 4.5-fold, whereas EAP and AEAP dose-dependently attenuated the increase in protein carbonyl levels to similar extents (Fig. 3A) .
However, in the comet assay to assess DNA damage, AEAP was more effective than EAP in protecting the DNA (Fig. 3B) . As DNA is a major target of oxidative damage, oxidative stress often results in DNA strand breaks [30] . The comet assay is a sensitive technique that detects DNA breakage at the single cell level even at an early stage [31] . Values of all DNA-damage parameters, such as tail length, intensity, and moment, increased after H 2 O 2 challenge in Caco-2 cells; the damage to DNA was dose-dependently suppressed by EAP and AEAP administration. Based on the tail length and moment, AEAP more strongly suppressed DNA damage than EAP.
Among various bioactive compounds contained in astringent persimmon, highly condensed tannins are known as major antioxidant compounds [32] . High-molecularweight condensed tannin from persimmon was characterized to be composed of myricetin terminal units, along with flavan-3-ols and a high amount of prodelphinidin [33] . A previous study reported that prodelphinidin, having a high number of reactive hydroxyls, increased the antioxidant capacity of proanthocyanidins [34] . On the contrary, a recent study reported that soluble tannins had superior antioxidant capacity compared with that of insoluble tannins [13] . The present results demonstrated that astringent persimmon fruit extracts, regardless of tannin content, were biologically active and protected against H 2 O 2 -induced oxidative stress in Caco-2 cells. These results led us to the conclusion that tannin extracts obtained from astringent persimmon could be developed as functional ingredients to protect from oxidative stress in the gut environment. Comparing the antioxidant activity of EAP and AEAP, the latter was slightly superior in preventing oxidative DNA damage and maintaining cellular GSH levels. However, our study did not reveal whether the antioxidant effects of EAP and AEAP involved enhancing the cellular defense system or the radical scavenging activity [9] . The use of ethanol, instead of methanol, was confirmed to produce AEAP with a high antioxidant capacity. The acid used in this preparation was not suitable for food manufacturing; to use these extraction processes for food manufacturing, organic acids should be considered instead of HCl. Furthermore, the identity of the compounds that contributed to the antioxidant activity was not clarified. The mechanisms of action of the astringent persimmon extracts and the active compounds responsible for the antioxidant effects will be investigated in future studies.
